departments of neurology, pediatrics and the Center for neural development and disease, university of rochester medical Center, rochester, ny, usa. inducible gene expression systems are particularly useful for the functional characterization of genes with putative toxic properties. in the course of studying the role of hypoxia-regulated gene expression on cell survival using the tetracyclineinducible (tet-on) system, the author noted that exposure to the inducing ligand doxycycline (dox) inhibited caspase-3 cleavage in control samples. to limit this confounding off-target effect, he devised an in vitro pulse dose, delayed-injury protocol testing both dox and a novel tetracycline analog 9-t-butyl doxycycline (9-tB). although 9-tB induced higher transgene levels compared to matched concentrations of dox, continuous exposure to both drugs inhibited caspase-3 cleavage in hypoxic samples. Conversely, a 6-h pulse dose of 9-tB followed by a 40-h washout period prior to hypoxic challenge activated robust transgene expression and lessened the inhibitory effects on caspase-3 processing. it is anticipated that these protocol modifications will improve the performance of tet-regulated genetic screens, particularly in situations where cell death is used as a primary end point. (Journal of Biomolecular Screening 2011;16:332-337) 
T he use of ligand-regulated expression systems to study the function of unknown genes has become commonplace and provides the means to control both the timing and level of gene expression both in culture and in vivo. one of the first regulated expression systems reported is based on the tetracycline resistance operon tet contained within the Escherichia coli transposon tn10. in this system, the ptet promoter, in addition to driving expression of the teta protein that pumps tetracycline out of the cell, also regulates expression of the tet repressor (tetr). [1] [2] [3] in the presence of ligand, tetr is unable to bind to tet operator sequences (teto), thus allowing transcription to proceed. fusion of the tetr repressor with the transactivation domain from Vp16 converts tetr into an activator protein (tta) that retains affinity for teto sequences in the absence of ligand. subsequently, gossen et al. 4 and other authors [5] [6] [7] [8] [9] [10] [11] [12] [13] have developed transactivators with reversed dna binding properties (rtta), creating a dox-inducible platform. additional mutations that improve the inducibility and reduce basal transgene expression have since been described. 18 importantly, although tetracycline is the prototypical ligand, related analogs also gate tet-inducible systems as well. for example, Zhu et al. 19 reported taking advantage of the hydrophobic properties of the novel tetracycline analog 9-t-butyl doxycycline (9-tB) to regulate gene expression within the central nervous system of tet-reporter transgenic mice.
although their use is contraindicated in childhood and pregnancy, tetracycline compounds have been used to treat a variety of medical conditions and may ultimately be suitable for use in clinical protocols involving regulated expression of therapeutic genes expressed from viral and cell-based vectors. interestingly, in addition to their broad-spectrum antibacterial and antiprotozoal effects, tetracyclines exert both neuroprotective and antiinflammatory effects on somatic tissues. 7 for example, both doxycycline and minocyline have been linked with inhibition of matrix metalloproteases and pro-caspase-3 activation. 5 these observations have led to speculations that these compounds may benefit patients with noninfectious, chronic degenerative disorders, including multiple sclerosis, amyotrophic lateral sclerosis (als), and stroke. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 20 one of the principal advantages of an inducible gene expression system is having the ability to generate stable transfectants harboring toxic genes where conventional constitutive gene expression systems might otherwise fail. [11] [12] [13] [14] [15] in studying the role of hypoxia-induced gene expression on cell survival, we discovered that dox exposure itself inhibited stress-induced caspase-3 cleavage in control cell lines, confounding our ability to isolate effects of the gene of interest. to address this problem, we devised a pulse-dosing strategy comparing the effects of doxycycline with a novel tetracycline analog, 9-tB. as mentioned earlier, 9-tB is of particular interest given its hydrophobic properties, demonstrated central nervous system (Cns) penetration, and 10-fold higher binding affinity for tetr and rtta relative to other related compounds. 19 our results show that in addition to achieving higher levels of transgene expression at comparable doses, 9-tB performed better than dox after pulse dosing, inducing reasonable transgene expression while at the same time minimizing the inhibitory effects of ligand exposure on caspase-3 activation.
MAterIALS And MetHodS

Reagents doxycycline
(4-[dimethylamino]-1,4,4α,5,5a,6,11,12αoctahydro-3,5,10,12,12α-pentahydroxy-6-methyl-1,11-dioxo-2-naphthacenecarboxamide; sigma-aldrich, st. louis, mo) and the derivative 9-t-butyl dox (9-tB; a kind gift from mark nelson, paratek pharmaceuticals, Boston, ma) were dissolved in water to a final concentration of 10 mg/ml. 12 hygromycin was obtained from invitrogen (Carlsbad, Ca).
Cloning and stable cell line production
inducible green fluorescent (gfp) expression was achieved by subcloning the ires-gfp fragment into the tetracycline responsive bidirectional vector pBig2i kindly provided by dr. Craig strathdee (amgen, inc., Cambridge, ma). 16 this construct, designated pBig2i-mCs-ires-gfp, was initially tested for inducible transgene expression by transfection into the hn33 line (a gift from Bruce Wainer, emory, ga) passaged in dulbecco's modified eagle's medium (dmem)/high glucose (hg)/5%. 9,10 the hn33 line was created by crossing mouse hippocampal neurons with the immortalized n18tg2 line to maintain neuronal properties and has been used to study neuronal responses to hypoxic stress. [6] [7] [8] [9] [10] [11] [12] [13] [14] hn33 stable lines were generated by batch transfection and selection with hygromycin according to standard protocols maintained in dmem/8% serum containing 200 µg/ml hygromycin for maintenance. stripped serum was used throughout to minimize basal pBig2i activity (innovative research, novi, mi).
In vitro hypoxia model
in vitro hypoxia was achieved using a triple gas incubator (Binder, marietta, oh), and oxygen tension was monitored via an on-board zirconium oxide sensor, which exhibits linear sensing proportional to oxygen concentration. Cells were exposed to 0.5% o 2 for 18 h unless otherwise specified.
Western blotting
Cell lysates were obtained by rinsing monolayers with ice-cold phosphate-buffered saline (pBs) 1× followed by the addition of ripa buffer containing protease inhibitors (sigma-aldrich). samples were boiled in laemmeli buffer for 1 min under reducing conditions and resolved by electrophoresis on polyacrylamide gels. proteins were transferred to pVdf membranes and blocked in tBs-t (50 nm tris-hCl [ph 8.0], 0.9% naCl, and 0.1% tween-20) containing 5% nonfat dry milk for 1 h at room temperature. antibodies used in this study included gfp (1:2000; nB-100-131, novus Biologicals, littleton, Co), cleaved caspase-3 (1:1000; Cst, danvers, ma), and actin (1:10 000; santa Cruz Biologicals, Ca). Blots were exposed to the appropriate secondary antibodies conjugated with horseradish peroxidase (hrp; 1:5000; santa Cruz Biologicals) prior to eCl detection (amersham/ge life sciences, piscataway, nJ). densitometry was performed using 8-bit tiff files and the Java-based application imageJ (http:// rsbweb.nih.gov/ij/). the area under the sample curves was determined using the analyze gel function, setting the relative background intensities with the line tool. the fold-activation reflects the level of hypoxia-induced caspase-3 cleavage compared to normoxic samples (n = 2 for each comparison group).
reSuLtS
We first compared the dose-response behavior of the hn33 tet-inducible pBig2i-mCs-ires-gfp reporter line to a range of dox and 9-tB concentrations. after plating, cells were exposed to either drug (0.25-10 µg/ml) continuously for 40 h prior to analysis (Fig. 1A) . neither drug produced clear effects on cell morphology at intermediate concentrations ( Fig. 1B) . as expected, 9-tB stimulated higher levels of gfp expression from the teto promoter relative to dox exposure. lower levels of gfp expression observed with high-dose 9-tB (10 µg/ml) were associated with a slight decrease in actin levels ( Fig. 1c) and changes in the growth and morphology of cultured cells (data not shown).
in addition to exhibiting the morphological and electrophysiological characteristics of the parental hippocampal neurons, 9 the hn33.11 line also remains sensitive to hypoxic challenge and is a reasonable model to study the apoptotic potential of candidate neuronal genes. in vitro hypoxia (0.5% o 2 , 24 h) induces robust cleavage of the master apoptotic regulator pro-caspase-3 ( Fig. 2 ; normoxia vs hypoxia). however, although both tet-analogs induced gfp expression as expected, continuous exposure to either dox or 9-tB also inhibited hypoxia-induced caspase-3 cleavage. this off-target activity was of particular concern because it confounds the analysis of genes with putative apoptotic effects.
in our experience, the kinetics of the tet-regulated system is delayed with respect to the timing of both gene induction after drug exposure and transgene silencing upon removal of ligand. in light of this, we hypothesized that the observed drug effect on gene induction could be temporally isolated from its effects on caspase activity. to test this, we devised an approach using overnight drug exposure (12 h) to trigger gene expression, followed by a washout period (16 h) accomplished by full-volume replacement of the culture media prior to hypoxic injury (Fig. 3A) . We found that although continuous exposure with dox (2.5 µg/ml) produced levels of gfp expression comparable to that seen with equivalent 9-tB dosing, pulse dosing with 9-tB produced dramatically increased expression levels ( Fig. 3B ; gfp continuous vs pulse). as previously observed, both drugs interfered with caspase-3 cleavage. importantly, despite higher overall levels of caspase activity after pulse dosing, the modified protocol ameliorated dox-mediated suppression of hypoxia-induced caspase-3 cleavage seen after continuous ligand exposure. this effect was less impressive in 9-tB pulse-dosed samples (Fig. 3B , right panel, lane 4 vs 6).
to improve on this paradigm, we next tested whether varying the washout period would have a beneficial effect on gfp and caspase-3 levels in 9-tB-treated cultures. as expected, longer chase periods were associated with higher levels of transgene expression ( Fig. 4A) . importantly, the suppressive effects of 2.5 µg/ml 9-tB on caspase-3 cleavage were reduced with longer washout periods ( Fig. 4B; 12 vs 24 h). Because even low-dose 9-tB could support transgene expression given a long enough washout period, we tested whether lowering the 9-tB concentration would be beneficial. Continuous 9-tB dosing resulted in nearly equivalent transgene induction with 0.25and 2.5-µg/ml doses after a 48-h exposure (Fig. 5B, paradigm  3) . importantly, transient exposure (6 h . the tet-on inducible stable cell line was exposed to varying concentrations of ligand (0.5 vs 2.5 µg/ ml), and parallel sister was exposed to either normoxic or hypoxic (0.5% o 2 ) conditions for 18 h. lysates were analyzed by Western blotting for both transgene induction (green fluorescent protein [gfp]) and cCasp3 levels. produced detectible amounts of expressed gfp and permitted a reasonable degree of caspase-3 cleavage after hypoxic challenge relative to control cultures ( Fig. 5c; 5 .2-fold vs 10.6-fold).
dIScuSSIon in addition to their potent antimicrobial properties, tetracycline analogs also have protective effects on eukaryotic cells in part through effects on inflammatory and apoptotic signaling cascades. in the course of analyzing the effects of immediate early gene expression after in vitro hypoxia, we found that in addition to inducing rtta-regulated expression from a teto-cytomegalovirus (CmV) promoter, continuous dox exposure inhibited apoptotic signaling as measured by cumulative levels of caspase-3 cleavage. given our interest in understanding the influence of hypoxia-induced transcription on cell injury, this unintended off-target effect represented a technical hurdle. the principal finding of this study is that a relatively brief pulse-dosing protocol using the dox analog 9-tB can support tet-on inducible gene expression without blocking endogenous apoptotic signaling cascades typically seen when using continuous dosing regimens and common ligands. having tight control over the "on" and "off" state of regulated gene expression systems is of great interest, and efforts to identify tet transactivator mutants with tighter drug-like behaviors are ongoing. 8 one potential benefit of this approach would be the identification of rtta variants with ligand binding constants several orders of magnitude lower than the affinity for ligand toward components of the apoptosome. however, as we have demonstrated, further optimization of these drug-responsive systems can also be achieved through the characterization of novel smallmolecule ligands. as reported, 9-tB was more potent than doxycycline with regard to its ability to activate rtta-driven gene expression from a stable reporter cell line. presumably, this effect was related to its increased hydrophobicity and affinity for the tet transactivators. 19 regarding the robust yet delayed kinetics of transgene expression observed with 9-tB, it was this property of the drug that allowed us to overcome ligand-mediated inhibition of hypoxia-induced apoptotic signaling seen with continuous dosing. of note, although pulse dosing with doxycycline did ameliorate its suppressive effects on caspase cleavage, we were unable to stimulate comparable delayed transgene expression to acceptable levels using doxycycline after comparable brief pulse dosing (data not shown). although there are other tetracycline derivative compounds available, we cannot comment on their potential activity in the pulse-chase paradigm. it should be noted that although inclusion of the washout period in our protocol lessened the ligand-mediated effects on cell death signaling machinery, this approach may not translate generically to other genes expressed in the context of the tet-on system for the following reason. in contrast to many of the cellular transcripts involved in the acute phase response and cell death signaling, gfp is relatively stable, exhibiting a half-life of 26 h in its unmodified state. although not tested directly, it is possible that the pulse-delayed exposure paradigm is best suited to study proteins whose stability mirrors that of the expressed transgene.
We recognize the potential to capitalize on the "off-target" effects of dox and related compounds with regard to human disease. 9-tB has been used successfully in vivo to study the dynamic behavior of tet-responsive transgenic sequences in the central nervous system. 19 given recent advances in the fields of cell-and viral-based therapeutics for neurodegenerative diseases and stroke, it is not far-fetched to consider using tetracycline-based gene regulation cassettes as drug delivery devices. in this context, having access to a drug capable of stimulating therapeutic gene expression while at the same time inhibiting endogenous apoptotic signaling programs represents a novel opportunity for therapeutic synergy. however, at the present time, tet-regulated gene expression systems are commonly used for commercial applications, including the largescale production of therapeutically useful biologicals and in drug screening programs. our observations have important implications in the latter setting where tightly regulated stable cell line systems are required for complex drug screening campaigns to identify pro-and antiapoptotic compounds for cancer and neurodegenerative conditions. We anticipate that the protocol modifications described herein will be easily translated to a wide variety of cell-based assays.
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